Summary &mdash; Photosynthetic responses of oak seedlings (Quercus petraea, Q rubra and Q cerris) to drought were investigated using gas-exchange and chlorophyll fluorescence. Decreases in predawn leaf water potential (&psi; wp ) led to pronounced reductions in both stomatal conductance (g w ) and net CO 2 assimilation rate (A). In contrast, the maximal photochemical efficiency of photosystem II (PS II) measured predawn (F v /F m ) remained unaffected until complete cessation of CO 2 assimilation. Responses of PS II photochemical efficiency (&Delta;F/F m' ) to increasing photon flux density (PFD) were determined for leaves of both control and water-stressed seedlings. Drought resulted in a stronger reduction of &Delta;F/F m . at a given PFD in Q rubra and Q petraea, but not in Q cerris, and led to an overreduction of the primary electron acceptor pool (decrease in photochemical quenching, q p ).
INTRODUCTION
Oak species are distributed over a large geographic range and display great variations in their abilities to tolerate periods of restricted water supply. This latter factor probably plays a major role in the control of the distribution of the various oak species. Some species have evolved very specialized adaptive features which are thought to enable better survival under drought, such as sclerophylly, restricted area of individual leaves and thick cuticles. However, even among the more mesophytic and deciduous species, some important differences in tolerance to drought appear. For instance, thorough ecological studies showed that Q robur and Q petraea had different water supply requirements, the former being more sensitive to drought and, as a consequence, more prone to drought-induced decline (Becker and Lévy, 1982) . Nevertheless, the physiological mechanisms involved in this differentiated water stress tolerance are still poorly understood. Efficiencies o f soil water extraction and of water transport pathways in the trees probably play a major role and differ significantly among species (Abrams, 1990; Cochard et al, 1992; Bréda et al, 1993) . In addition, the ability to maintain significant rates of CO 2 assimilation and to keep a functional photo-synthetic apparatus during drought may have an important role in this respect.
Drought-induced stomatal closure is now well documented. In many recent studies it has been reported to be the primary factor promoting the decrease in net assimilation rates during drought (kaiser, 1987; Comic et al, 1989) . Moreover, the photosynthetic apparatus and in particular, the potential photochemical activity of PS II, has been shown to be highly insensitive to rapid leaf dehydration in the dark for Q petraea (Epron and and for a large spectrum of species . Rapid leaf dehydration does not affect photochemistry above degrees of dehydration only rarely attained under natural conditions. Still, the question remains as to whether gradually increasing drought can affect the photosynthetic processes when it is imposed under medium or high irradiance. In particular, the relationship between waterstress intensity and light-induced disorders in PS II activity still has to be clearly assessed. Chlorophyll a fluorescence may be used to estimate quantum efficiencies of PS II under diverse environmental constraints (Baker, 1991) (Cochard et al, 1992 Osmotic potential at full turgor (&pi; 0 ) and water potential at turgor loss (&psi; wtl ) were assessed on well-watered controls by means of a pressurevolume analysis using the transpiration method described by Hinckley et al (1980) and . Three shoots were severed from 3 well-watered seedlings of each species and rehydrated overnight through the cut end. Water potentials of freely transpiring shoots (&psi; w ) were measured at regular time intervals from 0 to -6.0 MPa in a pressure chamber. Shoot weight was recorded to calculate shoot water deficit as: 
Gas-exchange measurements
Stomatal conductance for water vapour (g w ) and net CO 2 assimilation rate (A) were recorded using a portable gas-exchange measurement system (LiCor 6200, Lincoln, NE, USA). Average (± standard deviation) leaf temperature (t a ), leafto-air difference in vapor mol fraction, CO 2 mole fraction in the air (c a ), and PFD at the leaf surface were, respectively, 23.9 (± 0.9)°C, 11.6 (± 3.3) mmol mol -1 , 440 (±24) &mu;mol mol -1 and 194 (± 22) &mu;mol m -2 s -1 . Both A and g w were computed according to von Caemmerer and Farquhar (1981) and expressed on a projected leafarea basis (&Delta;T area meter, &Delta;T Devices, UK).
Measurements were made 3&mdash;4 h after the onset of the light period.
Chlorophyll a fluorescence measurement Chlorophyll a fluorescence of PS II was measured using a pulse amplitude modulated fluorometer (PAM 101, Walz, Germany) as previously described (F m' ) were recorded and used to compute the photochemical efficiency of PS II as: &Delta;F/F m' = (F m' -F)/F m' (Genty et al, 1989) . After each 10-min period, the actinic light was switched off for 1 min to allow recording of basic fluorescence F 0' and to compute photochemical efficiency of open PS II reaction centers as: F v' /F m' = (F m' -F 0' )/F m' (Genty et al, 1989 (Baker, 1991) .
To (1985) and .
Recent results suggest that the photosynthetic apparatus is rather tolerant to dehydration (Kaiser, 1987; Comic et al, 1989; Dreyer, 1990, 1992) , and that drought effects seem to be mainly mediated by stomatal closure, at least at the levels commonly experienced under field conditions. In particular, maximal photochemical efficiency (F v /F m ) , measured on dark-adapted oak leaves during rapid dehydration, remained constant until very high leaf-water deficits (D &ap; 0.75) (1990) showed the lack of permanent photo-inhibitory damage on Q rubra subjected to drought, despite the strong reduction in A. But, during these field experiments, water stress never induced complete arrest of photosynthetic carbon assimilation. It can be inferred from these observations that marked decreases of potential PS II activity may occur only during periods of complete cessation of assimilation and under intense irradiance. As the observed decreases resulted from both increased F 0 and decreased F m , it can be concluded that they were the expression of some kind of damage to the PS II (Demmig and Björkman, 1987 (Ben et al, 1987; Genty et al, 1987; Di Marco et al, 1988 ; 2) an increasing part of the electron flow originating from PS II may be diverted from carboxylation to photorespiration, as experimentally demonstrated by Comic and Briantais (1991 Epron and Dreyer, 1990 ). In our case, high light favored an alteration in PS II reaction centers, as the reduction in F v /F m resulted from both a decrease in F m and an increase in F 0 (Demmig and Björkman, 1987) . This finding clearly distinguishes the reactions observed here from the diurnal and reversible decreases in F 0 , F m and F v /F m noted under natural conditions (Powles, 1984) . Excess excitation energy may generate highly reactive oxygen species that could be responsible for this damage (Kyle, 1987) . However, loss of PS II activity should be observed only if the rate of damage exceeded the rate of repair (Baker, 1991 (Krause and Weis, 1991) . Surprisingly, the Q A pool at a given PFD was reduced more in well-watered Q cerris than in the other species, despite similar sensitivities to high-light exposure. Some other mechanisms, for instance higher rates of recovery (Greer et al, 1986) 
